A novel series of sulfonanilides having a pyrimidinyl-containing group at the 2'-position was prepared and their herbicidal activities against paddy weeds and selectivity against rice plants were assessed. The structure-activity relationships were probed by substitution of the sulfonyl group, bridge and benzene ring. Among the sulfonamides, difluoromethyl compound showed comparatively high activity and a broad spectrum to control weeds, including Echinochloa OIyzicola. The most preferable substitution position on the benzene ring was in the 6-position and the lower alkyl group showed high herbicidal activity and a broad weed control spectrum, and among the compounds tested, the methoxymethyl group was the best. In respect of the bridge moiety, the hydroxyl group was the best. Among the compounds examined, 2' -[( 4,6-dimethoxypyrimidin-2-yl)(hydroxy)methyl]-I, 1difluoro-6' -(methoxymethyl)methanesulfonanilide, applied at rates between 4 to 16 g a.i.!ha, showed excellent pre-emergence herbicidal activity with a broad spectrum against grass, sedge and broadleafweeds without injury to rice plants.
Introduction
The total acreage ofrice in Japan in 2009 was 1.62 million ha and most of the paddy fields are mechanically transplanted, using young seedlings grown in nursery boxes. I) It is also noteworthy that most Japanese rice farmers apply so-called one-shot herbicides, which are now essential tools for weed control in paddy fields. 2 ) This has been made possible by the wide variety of one-shot herbicides now available on the Japanese market. While sulfonylurea (SU) herbicides are most commonly used as the active principles in the formulation of one-shot herbicides, because SU herbicides control a wide range of paddy weeds including annual broadleaves and perennial Cyperaceae and about 90% of one-shot herbicides contain 3 to 4 active ingredients. 2 ) We have so far developed and commercialized our original pyrimidinyl carboxy (PC) herbicides, viz. bispyribac-sodium, pyrithiobac-sodium and pyriminobac-methyI.3-5) These herbicides exhibit their activities by specifically and strongly inhibiting ALS enzyme of plants, which is involved in the biosynthesis of branched-chain amino acids in plants, such as valine, leucine and isoleucine. 6 ) Because mammals lack ALS enzyme, these herbicides are inherently safe for mammals and, coupled with high activity with low use rates, these PC herbicides are extensively used worldwide as environmentally friendly herbicides.
In the course of our researches on PC herbicides, we confirmed that in order for a compound to exhibit high ALS inhibitory activity and high herbicidal activity, the hydrophobic group, pyrimidine ring and acidic group need be placed in a suitable spatial position linked by a suitable spacer group via a suitable linkage group.7) Based on the findings, we have conducted extensive studies to place various hydrophobic groups and acidic groups in an appropriate position on the pyrimidine ring.
PC herbicides have a carboxyl group, but due to their relatively high water solubility as a result of their acidity, PC her- bicides often have problems of being easily affected by water movement and consequently of having unstable herbicidal activity in pre-emergence application under flooded conditions. 4 ) Furthermore, because of the oxy-bridge, which is characteristic of PC herbicides and is easily degraded by metabolism, we tried to change the oxy-bridge to a carbon bridge in order to secure adequate residual activity. We also tried to change the acidic group to a sulfonamide group to provide a broader weeding spectrum. S ) As a result, we have succeeded in redesigning PC herbicides by replacing the oxy-bridge with a carbonyl bridge and the carboxyl group with a sulfonamide group, and synthesized 2'-pyrimidinecarbonylsulfonanilides ( Fig. I) . These compounds were found to have high active herbicidal activity against various paddy weeds. This paper reports the synthesis of sulfonanilide derivatives having a pyrimidinyl-containing group at the 2'-position and their structure-herbicidal activity relationships.
Materials and Methods

Synthesis of compounds 1.General procedures
The synthetic route of sulfonanilide derivatives having a pyrimidinyl-containing group at the 2'-position (v, vii, viii) is shown in Fig. 2.9 ) In the first step, compound ii was prepared by reacting 2-nitrophenylacetonitrile (i) and 4,6-dimethoxy-2methylsulfonylpyrimidine (DMSP) in the presence of a base. S ) Then, compound ii was oxidized and dehydrocyanated to obtain compound iii. Sulfonanilide v was prepared by selective reduction of the nitro group of compound iii and by sulfonyl ation. Sulfonanilide vii was prepared by reduction of compound v or by reduction of the carbonyl group of compound iv and sulfonylation. Finally, we exchanged the substituent of the bridge moiety using compound vii. An alternative synthetic route of sulfonanilide derivatives (v, vii, viii) is shown in Fig. 3 . 9 ) Compound ix was prepared by reducing the nitro group of compound ii to convert it to an amino group in the presence of a catalyst such as palladium carbon in alcoholic solvent. Sulfonanilide v was prepared by reacting compound ix with substituted-alkylsulfonyl halide or substituted-alkylsulfonic acid anhydride in the presence of pyridine to produce indole compound x, and subjecting the indole compound x to oxidation for ring opening. The reaction for subjecting the indole compound x to oxidation for ring opening was conducted by, in the first step, treatment of the compound with an oxidizing agent such as l11-chloroperbenzoic acid and, in the second step, treatment with a base such as sodium hydroxide. 
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1jpical procedures
Chemical structures of all compounds were confirmed by 1 H NMR spectra, which were recorded on a JNM-PMX60 or . JNM-LA300 NMR spectrometer with tetramethylsilane (TMS) as an internal standard. All melting points were measured on a Yanaco MP-500V micro melting-point apparatus and are uncorrected.
28 mol) amount of 60% sodium hydride was suspended in 100 ml N,N-dimethylformamide (DMF). While the suspension was cooled to 10°C or lower in an ice water bath and stirred, a solution of 29 g (0.14 mol) of 3-methoxymethyl-2-nitrophenylacetonitrile dissolved in 100 ml DMF was added dropwise. After the dropwise addition, the mixture was stirred at room temperature until there was no evolution of hydrogen. While the mixture was cooled to 10°C or lower in an ice water bath and stirred, 30 g (0.14 mol) of DMSP was added. The mixture was stirred at room temperature for 12 hI' and then the reaction mixture was poured into ice water. The mixture was acidified with 10% hydrochloric acid. The resulting crude crystals were collected by filtration, washed with water and a mixed solvent of ethanol and diisoproply ether to obtain 42 g (yield: 87%) of 2-( 4,6-dimethoxypyrimidine-2-yl)-2- 4,6-Dimethoxypyrimidine-2 -yl 3 -methoxymethyl-2 -n itrophenl ketone (iii; R 2 : 6-MeOCH 2 ) In 30 ml chloroform were dissolved 3.5 g (10 mmol) of 2-( 4,6-dimethoxypyrimidine-2yl)-2-(3-methoxymethyl-2-nitrophenyl)acetonitrile and 6.0 (17 mmol) of 50% m-chloroperbenzoic acid. The solution was stirred at room temperature for 12 hr, then 15 ml of a 10% aqueous sodium hydroxide solution was added, and stirred at room temperature for 1 hr. Further, 50 ml chloroform was added. The organic layer was washed with 5% dilute hydrochloric acid and saturated aqueous sodium chloride solution, dried, and subjected to vacuum distillation to remove the solvent. The residual crystals were washed with ethanol-diisopropyl ether to obtain 2.8 g (yield: 84%) of 4,6dimethoxypyrimidine-2-yl 3-methoxymethyl-2-nitrophenyl ketone as a white powder (mp: III to Il3°C). IH NMR 300 MHz (CDCI 3 ): 7.90 (d, lH), 7.72 (t, IH), 7.61 (d, lH), 6.13 (s, lH), 4.78 (s, 2H), 3.90 (s, 6H), 3.47 (s, 3H).
2-(4,6-Dimethoxyprimidine-2-ylcarbonyl)-6-(methoxymethyl)aniline (iv; R 2 : 6-MeOCH 2 ) A 3.3 g (10 mmol) amount of 4,6-dimethoxypyrimidine-2-yl 3-methoxymethyl-2-nitrophenyl ketone, 3 g (54mmol) of iron powder, 20 ml water and a mixture of 150 ml ethyl acetate and Iml acetic acid were subjected to reaction at 50°C for 5 hr. The insoluble contents of the reaction mixture were separated by filtration using a filter aid. The organic layer was washed with saturated aqueous sodium chloride solution, dried, and subjected to vacuum distillation to remove the solvent. The residual crystals were washed with diisopropyl ether to obtain 2.4 g (yield: 80%) of 2-( 4, 6-d imethoxypyrimi dine-2-y I carbony I )-6-( methoxymethyl)aniline as yellow crystals (mp: 100 to 101°C). IH NMR 300 MHz (CDCI 3 ): 7.37 (d, lH), 7.24 (d, lH), 7.14 (br, 2H), 6.53 (t, lH), 6.11 (s, IH), 4.55 (s, 2H), 0.96 (s, 6H), 3.35 (s,3H).
2-[(4, 6-Dimethoxypyrimidine-2-yl) (hydroxy)methyl] -6-(methoxymethyl)aniline (vi; R 2 : 6-MeOCH2) A solution of 3.1 g (10 mmol) of 2-( 4,6-dimethoxypyrimidine-2-ylcarbonyl)-6-(methoxymethyl)aniline in 50 ml of 1 : 1 (v/v) mixture of THF and water was prepared. While the solution was stirred at room temperature, 0.6 g (16 mmol) of sodium boron hydride was added. The mixture was stirred at room temperature for 2 hr. Further, 50 ml ice water was added and extracted with ethyl acetate. The organic layer was washed with saturated aqueous sodium chloride solution, dried, and subjected to vacuum distillation to remove the solvent. 
Fifty grams (0.31 mol) of 2-(2-nitrophenyl)acetonitrile were dissolved in 500 ml DMF, and 24.7 g (0.62 mol) of 60% sodium hydride was added. The mixture was stirred at room temperature for 2 hr. Then, 68 g (0.31 mol) of DMSP was added. The mixture was stirred at 80°C for 1 hr for the reaction. The reaction mixture was poured into water and neutralized with dilute hydrochloric acid. The mixture was extracted with ethyl acetate. The extract was washed with water, dried and subjected to vacuum distillation to remove the solvent. The residue was recrystallized from ethanol to obtain 73.3 g (yield: 79%) of 2-(4,6-dimethoxypyrimidine-2yl)-2-(2-nitrophenyl)acetonitrile as a white powder (mp: 88 to 89°C). IH NMR 60MHz (CDCl}): 7.5-8.2 (m, 4H), 6.4 (s, lH), 5.9 (s, lH), 3.8 (s, 6H).
2 -(2-Aminophenyl)-2 -(4, 6-dimethoxypyrimidine-2 -yl)acetonitrile (iii; R 2 : H) A 3 g (10 mmol) amount of 2-(4,6dimethoxypyrimidine-2-yl)-2-(2-nitrophenyl)acetonitrile and 0.3 g of 10% palladium carbon were suspended in 100mi methanol. While the suspension was stirred at room tempera-tUre overnight, hydrogen gas was added. The solid was removed by filtration. The filtrate was subjected to vacuum distillation to remove methanol. The residue was subjected to silica gel column chromatography (elutant solvent: ethyl ac-etate/hexane= 111) to obtain 1.8 g (yield: 67%) of 2-(2aminopheny 1)-2-( 4, 6-dimethoxypyrimi dine-2-y 1 )acetoni trile as a light yellow candy-like substance. IH NMR 60 MHz (CDCI 3 ): 6.5-7.6 (m, 4H), 6.9 (s, lH), 5.3 (5, lH), 4.6 (br, 2H), 3.9 (s, 6H). The solution was stirred at room temperature for 12 hI. Then, 15 ml of 10% aqueous sodium hydroxide solution was added. The mixture was stirred atroom temperature for 1 hr, and then 50 ml chloroform was added. The organic layer was washed with 5% dilute hydrochloric acid and saturated aqueous sodium chloride solution and dried. The resulting solution was subjected to vacuum distillation to remove the solvent. The residue was subjected to silica gel column chromatography (elutant solvent: ethyl acetate/hexane= 1/5) to obtain 1.0 g (yield: 52%) of 2' -( 4,6-dimethoxypyrimidine-2-y1carbonyl)-I, I-difluoromethanesulfonanilide as a white powder (mp: 13 I to 133°C). lH NMR 300 MHz (CDCI 3 ): 11.36 (br, lH), 7.86 (d, lH), 7.70 (d, lH), 7.62 (t, lH), 7.18 (t, lH), 6.35 (t, lH), 6.19 (s, IH), 3.97 (s, 6H).
2 '-[(4, 6-Dimethoxypyrimidine-2-yl) (hydroxy)methylJ-1, 1difluoromethanesulfonanilide (vii; R 2 : H) A 1 g (2.7mmol) amount of 2-( 4,6-dimethoxypyrimidine-2-y1carbonyl)-I, I-difluoromethanesulfonanilide was dissolved in 50 ml of a 1 : 1 (by volume ratio) mixed solvent oftetrahydrofuran and water. While the solution was stirred at room temperature, 0.2 g (5.4 mmol) of sodium boron hydride was added. The mixture was stirred at room temperature for 2 hr, and then 50 ml ice water was added and extracted with ethyl acetate. The organic layer was washed with saturated aqueous sodium chloride solution, dried, and subjected to vacuum distillation to remove the solvent. The residual crystals were washed with diisopropyl ether to obtain 0.8 g (yield: 80%) of2'-[(4,6-dimethoxypyrim- 
Evaluation of herbicidal activity
Paddy soil was placed in a plastic pot of 100 cm 2 . An appropriate amount of water was added for soil pUddling. Seeds of Echinochloa OIyzicola vasing., Monochoria vaginalis (Burm. f.) Presl var. plantaginea (Roxb.) Solms-Laub., and Scirplls jllncoides Roxb. subsp. hotarui (Ohwi) T. Koyama were sowed at a depth of 0.5 cm. Further, two paddy rice seedlings each at the two-leaf stage were transplanted at a depth of 2 cm. Water was filled to a depth of 3 cm. The next day, water-dispersible powder prepared by mixing 10 parts by weight of each of the compounds, with 0.5 part by weight of polyoxyethylene octyl phenyl ether, 0.5 part by weight of sodium salt of j3-naphthalenesulfonic acid-formalin condensate, 20 parts by weight of diatomaceous earth and 69 parts by weight of clay, was diluted with water and dropped onto the water surface so that the amount of the active ingredient (each compound) applied was 4, 16, 63, 250, 1000 g/ha. The development and growth of weeds and rice plants were allowed to take place in a greenhouse. Injury symptoms of paddy rice and weed seedling!? were observed visually 28 days after the addition of the test dilution (2 replicants). The paddy rice injury was expressed as ED 20 , the dosage in terms of g a.i.!ha required for 20% damage to rice seedlings. Herbicidal activity was expressed as ED 90 , the dosage in terms of g a.i.!ha required for 90% damage to weed seedlings.
Results and Discussion
Synthesis
In the reaction of 2-nitrophenylacetonitrile (i) and DMSP, sodium hydride or potassium t-butoxide was used as the base, where two equimolar bases were needed, because the acidity of product ii was stronger than that of material i.
Because the basicity of anilines having a carbonyl group at the 2'-position (iv) was weak, most sulfonylation of the anilines did not proceed; however, anilines having a 2'-hydroxymethyl group (vi) could be sulfonylated by sulfonyl chloride or sulfonyl anhydride in the presence of a weaker organic base such as triethylamine or pyridine. Therefore, most sulfonanilide vii was prepared using hydroxymethyl derivatives. In the route shown in Fig. 3 , anilines having a 2' -cyanomethyl group (ix) were sulfonylated with sulfonyl chloride, producing I-sulfonyl indole compound x.
Derivatives of a few bridge variations were prepared from the hydroxyl compound vii. Compounds 13 and 14 were ob-tained by acetylation and trimethylsililation, respectively, and compound 17 was prepared by chlorination with thionyl chloride. Compounds 13, 16, 18, 19, 20 were prepared from chloro-compound 17 by reacting with the corresponding nucleophiles.
Herbicidal activity
Herbicidal activities against Echinochloa OIyzicola (Eo), Monochoria vaginalis (Mo), Scirplls juncoides (Sc) were evaluated for 39 types of sulfonanilides (1-39) and the results are summarized in Tables 1-4 . Table I shows the structure-herbicidal activity relationship of the sulfonamide moiety. The haloalkyl group (CICH 2 , FCH 2 , F 2 CH, CF 3 ) and cyanomethyl group show comparatively high weed control activities and, in particular, these compounds with difiuoromethyl group and trifiuoromethyl group have markedly high herbicidal activities against M. vaginalis and S. juncoides. The compound with the fiuoromethyl group has the best herbicidal activities against E. OIyzicola. In the ALS inhibitory herbicide, a weakly acidic group and an N-containing heterocyclic ring appropriately located in a molecule are requisites for ALS inhibition. 7 ) The pKa values of these herbicides are between 2 to 5. Alkylsulfonanilides having an electron-withdrawing group have high herbicidal activities but benzenesulfonanilide (10) has low activity; therefore, it was considered that the acidity of the sulfonanilide and the size of R I affected herbicidal activities. Table 2 shows the correlation between the bridge moiety and biological activity. Most trifiuoromethanesulfoanilides had only weak herbicidal activity against E. OIyzicola, with the exception of methoxy compound 13, which had moderate activity, with an ED90 of 63 g/ha. On the other hand, almost all groups showed high biological activities against M. vaginalis and S. juncoides. Although acetyloxy compound 15, ethylthio compound 20 and carbonyl compound 12 all showed high herbicidal activities in pot tests, they showed low ALS inhibitory activities in an in vitro assay (data not shown). These compounds presumably exhibited herbicidal activity as a result of having changed in vivo to active ingredients. Hydroxyl compound 1 and trimethylsilyloxy compound 14 showed the highest activities. Since trimethylsilyloxy compound 14 was presumed to show high activity by being easily changed to a hydroxyl group, hydroxyl compound 1 is responsible for activity exhibition.
While both difiuoromethanesulfonanilides and trifiuoromethanesulfonanilides showed equally high herbicidal activities, difiuoromethanesulfonanilides appeared to be better due to its more balanced activity against a variety of weeds, including E. OIyzicola. We therefore continued our researches on the effects of the substituents on the benzene ring by focusing on difiuoromethyl compounds. The structure-activity relationship of the substituents of the benzene ring is shown in Table 3 , in which the results of substitution by halogen, alkyl and alkoxy groups at respective positions on the benzene ring are described. With regard to the substitution at 3position of the benzene ring, the size of the group is critical and 3-fiuoro compound 23 showed higher herbicidal activity than unsubstituted compound, but 3-chloro compound 24 114-1 IS showed redueed aetivity. Substitution at the 4-position also resulted in redueed activity. In the ease of substituted compounds at the 5-position, aetivity was slightly lower than that of the unsubstituted compound. On the other hand, the aetivity of the substituted eompounds at the 6-position tended to be higher than the unsubstituted eompound. In summary, the effeets of the substitution position on the enhancement of aetivity were most evident at the 6-position, but the effeets decreased in the order of 6>H (unsubstituted»5, 3»4. This sequenee of effects of the ring substituents according to position was similar to the sequence of effeets on pyrimidinyl salicilate herbicides. 10) Since only substitution at the 6-position was considered favorable for enhancing herbieidal activity, we further synthesized substituted eompounds at the 6-position with various groups. The results are presented in Table 4 . Among 6-substituted derivatives, the herbicidal spectrum and seleetivity changed depending on the substituent but, in partieular, it was noted that the alkyl eompounds tended to enhanee herbieidal aetivity against E. OIyzicola as well as seleetivity between riee plants and paddy weeds.
In halogenated compounds, 6-ftuoro eompound 30 showed higher herbieidal aetivity than the unsubstituted eompound. In the ease of alkylated or alkoxylated eompounds, herbieidal activities against M. vaginalis and S. junco ides were similar or slightly lower than that of the unsubstituted eompound, but herbieidal aetivities against E. OIyzicola were enhaneed. Propyl eompound 34 and ethoxy compound 36 showed high aetivities, but propoxy eompound 37 and phenoxy eompound 38 showed reduced aetivity. The size and/or length of the substituents at the 6-position were erueial for aetivity. Alkoxy compounds showed severe riee plant injuries but alkyl compounds were relatively safe for rice plants. Based on these findings, we considered that alkyl groups were favorable and therefore synthesized various compounds to evaluate their herbicidal activities. As a result, we finally seleeted a compound with a methoxymethyl group as a promising compound, because this eompound showed well-balanced enhancement of herbieidal activity and the weed eontrol spectrum as well as safety for rice plants.
In conclusion, Fig. 4 shows a summary of the structure-herbicidal activity relationships of these sulfonalinide herbicides. Among sulfonamides, diftuoromethyl compound showed comparatively high activity and a broad weed control spectrum, including E. OIyzicola. The most preferable substitution position on the benzene ring was the 6-position. The alkyl group showed high herbicidal aetivity and a broad weed con-Rz: 6-position > 3, 5-position » 4-position CHzOCH3 > CzHs, H, F, CH3 > OCH3, SCH3 X: OH ;;;; =0, CI, SCzHs ;;;; OCH3 » H Fig. 4 . Conclusion of structure-activity relationships. trol spectrum and, among the compounds tested, the methoxymethyl group was the best. In respect of bridge moiety, on the other hand, the hydroxyl group was the best.
